We have designed superinductors made of strongly disordered superconductors for implementation in "hybrid" superconducting quantum circuits. The superinductors have been fabricated as meandered nanowires made of granular Aluminum films. Optimization of the device geometry enabled realization of superinductors with the inductance ∼ 1 µH and the self-resonance frequency over 3 GHz. These compact superinductors are attractive for a wide range of applications, from superconducting circuits for quantum computing to microwave elements of cryogenic parametric amplifiers and kinetic-inductance photon detectors.
I. INTRODUCTION
Superinductors are non-dissipative elements with an impedance Z much greater than the resistance quantum R Q = h/(2e) 2 [1] . The realization of high impedance enables the enhancement of quantum fluctuations of phase in Josephson circuits at the expense of reduction of quantum fluctuations of charge. One of the important functions of superinductors in qubits such as fluxonium [2] is the suppression of qubit dephasing induced by lowfrequency charge noise. Superinductors are considered as prospective elements of traveling-wave parametric amplifiers (TWPA) [3] [4] [5] , microwave kinetic inductance detectors [6] , tunable qubit couplers [7] , and single-photon detectors [8, 9] .
Since the impedance of elements with conventional, geometric inductance is limited by the free-space impedance Z 0 ≈ 377 Ω, superinductors must employ the inductance of superconductors related to the inertia of the Cooper pair condensate. Superinductors have been realized as chains of small Josephson junctions with high Josephson inductance L J [2, [10] [11] [12] and long nanowires made of superconductors with a high kinetic inductance L K [13] [14] [15] [16] [17] . Each implementation has its advantages which have been discussed in Refs. [10, 13] .
The frequency range of typical superinductor applications is limited by the self-resonance frequency f r . Optimization of the superinductor design aims at increasing f r for a given impedance Z dictated by applications. This can be achieved by reducing the stray capacitances between different elements of the superinductor and between the superinductor and the ground. In particular, in order to reduce the superinductor-to-ground capacitance, the in-plane dimensions of the superinductor should be minimized and its shape should be optimized.
The aim of this paper is to optimize nanowire-based superinductors made of strongly disordered (granular) Aluminum films. Combination of high kinetic inductance and relatively low microwave losses in the superconducting state makes these films attractive for implementation of superinductors [18, 19] . Design optimization enabled us to fabricate superinductors with L ≈ 1 µH and the self-resonance frequency ∼ 3 GHz. We have also success-fully integrated these superinductors in hybrid superconducting circuits containing conventional Al − Al 2 O 3 − Al Josephson junctions.
II. SIMULATIONS
We used Sonnet EM software [20] to optimize the design of nanowire-based meandered superinductors, i.e. to increase the superinductor resonance frequency f r for a given total inductance and realistic nanowire dimensions. For the simulations in this section, we considered rectangular-shaped meandered superinductors, and adopted the width of the nanowire W = 0.3 µm and the inductance per square area L = 1 nH. According to the Mattis-Bardeen theory, this value of L can be realized for strongly disordered Al films with the normal-state sheet resistance R ≈ 1 kΩ [19] . Meander optimization has been performed by varying the meander period ∆ and the aspect ratio R = /h, where and h are horizontal and vertical dimensions of a meander in Fig. 1 , respectively. Note that the vertical dimension corresponds to the orientation of longer meander strips.
In simulations, it was assumed that the meanders were fabricated on a 0.5-mm-thick Si substrate ( r = 11.9) with a negligibly thin native surface oxide, and the substrate was positioned on a conducting ground plane. The microwave currents in the meanders were induced by coupling to a microstrip line not shown in the insets in Fig. 1 . The relative positioning of the meander and the microstrip line affects the coupling strength but not the value of f r . The superinductor resonance frequencies have been identified as the frequencies of the resonance dips in the microwave power transmitted along the microstrip line. The distribution of microwave currents in a meander at its lowest resonance mode (the halfwavelength resonance) is shown in the inset in Fig. 1(c) .
In Fig. 1 (a) we compare the resonance frequencies for the square-shaped meanders ( = h = 40 µm) with different values of ∆ and the straight nanowires with the same total length L = (h + ∆ )/∆ . For meanders with closely spaced strips, the stray capacitance becomes significantly smaller than that for straight nanowires, which arXiv:1910.00996v2 [cond-mat.mes-hall] 10 Oct 2019
The simulated self-resonance frequency for the square-shaped meanders as a function of the meander period ∆ (blue dots). For all meanders, the side length = h = 40 µm, the aspect ratio R = /h = 1, and the nanowire width W = 0.3 µm. In comparison, we plot the self-resonance frequency for a straight nanowire with the total length equal to that for a corresponding meander (dashed orange line). (b) The simulated self-resonance frequency (blue dots) for square-shaped meanders as a function of the side length h = . For all meanders ∆ = 1.5 µm and W = 0.3 µm. The dashed orange line corresponds to the resonance frequency for a straight nanowire with the total length equal to that for a corresponding meander. (c) The dependence of the self-resonance frequency of meanders with the same total length L = 300 µm on the aspect ratio R ≡ /h. The nanowire width W = 0.3 µm and L = 1 nH correspond to a total inductance 1 µH. Inset: the current density distribution along the meandered nanowire for the lowest-frequency self-resonance mode. The nodes and the anti-node of the current density j are positioned at the end and center of the meander, respectively. (a-c) Blue lines are guides to the eye. results in an expected (and desired) increase of f r . Figure 1(b) shows scaling of f r with the dimensions of square-shaped meanders at a fixed ∆ = 1.5 µm. The dependence demonstrates that an increase of f r (and decrease of the stray capacitance) relative to that of a straight nanowire is more pronounced for larger meanders.
Interestingly, the square-shaped meanders do not maximize f r . Figure 1(c) shows that the dependence f r (R), simulated for the experimental parameters used in this paper (0.5 mm-thick Si substrates, W = 0.3 µm and ∆ = 0.45 µm), exhibits a maximum at the aspect ratio R = /h 5. The non-monotonic character of this dependence stems from the interplay of two competing factors. On the one hand, the capacitance to the ground of a solid rectangular conductor with a fixed area is minimized for its square shape. On the other hand, the inter-strip capacitance, which starts playing a significant role near the meander self-resonance, increases with the length of the strips (i.e. h). As a result of this competition, the minimum of stray capacitance occurs at > h or R > 1. For the parameters used in simulations, the maximum self-resonance frequency of a meander is twice as large as f r for a straight nanowire of the same total length and inductance. The position of the maximum of f r (R) (i.e. the optimal R) depends on specific values of ∆ and W .
III. FABRICATION
We used disordered Aluminum films (AlO x ) for fabrication of meandered superinductors. The films were deposited onto Silicon substrates by RF magnetron sputtering of a pure Al target in an Ar and O 2 atmosphere [19] . The sheet resistance R of these films, and, thus, their kinetic inductance in the superconducting state, L K = R /(π × 1.76k B T C ), can be tuned over a wide range by varying the deposition rate and the partial pressure of Oxygen in the deposition chamber. It is worth noting that the film thickness measured by atomic force microscopy (AFM) was approximately three times greater than the thickness measured by a quartz crystal monitor programmed with standard parameters for Al or AlO x films. We speculate that this discrepancy is due to a low density of granular Al films sputtered in O 2 atmosphere.
The films were deposited on a substrate with a resist mask patterned by electron-beam lithography, and the device fabrication was completed by lift-off. In this fabrication process, thin AlO x films were deposited in sub-µmwide resist trenches which were narrower than the liftoff mask thickness ∼ 0.5 µm (see the upper inset in Fig. 2 ). Due to the shadowing effect, the deposition rate at the bottom of a trench is lower than for the films deposited on un-patterned substrates. Figure 2 shows that the meander thickness monotonically decreases with decreasing the nanowire width. The resistivity of AlO x nanowires fabricated on the same chip did not significantly depend on the trench width.
For fabrication of hybrid superconducting circuits that combine high-L K AlO x films with conventional Al − Al 2 O 3 − Al Josephson junctions, we used two deposition systems: the aforementioned sputtering system for fabrication of meandered superinductors and an electrongun deposition system for fabrication of the Al-based tunnel junctions. The latter system was equipped with an ion gun which we used to remove thin (∼ 4 nm) oxide from the surface of AlO x films prior to evaporation of pure Al films, to ensure a superconducting contact between the films.
IV. MEASUREMENTS
To characterize the microwave properties of meandered superinductors, we tested two types of hybrid devices that contained both superinductors and Josephson junctions. We fabricated meanders from AlO x films with L = 0.04 − 0.22 nH (the normal-state sheet resistance R 50 − 300 Ω). The nominal nanowire width W = 0.3 µm and the period ∆ = 0.45 µm were the same for all meanders. The parameters of devices referenced below are listed in Table I . In devices 1 and 2, two identical superinductors flanked a single Josephson junction (JJ) with an area of A ∼ 0.04 µm 2 (Fig. 3 inset) . The contact pads were used for the four-probe DC measurements. In devices 3 and 4, the single JJ was replaced Fig. 3 ) or a Cooper-pair-box qubit (see the inset in Fig. 4) . The in-plane dimensions ( × h) are given for each meander. The values of the total inductance L and the self-resonance frequency fr correspond to pairs of meanders. The impedance was calculated as Z = 2πfr × L. by a Cooper pair box (CPB) (see the inset in Fig. 4) . The CPB and meanders formed a superconducting loop coupled to the read-out LC resonator [21] . The latter devices have been designed as prototypes of bifluxon qubits; similar devices with different implementations of superinductors have been studied in Refs. [21] [22] [23] .
In experiments with devices 1 and 2, microwave (MW) currents in the meanders were induced by coupling to a 100-µm-wide microstrip line that was positioned at a distance of 20 µm from the meander along its horizontal dimension. At a fixed input MW power, we simultaneously measured the transmitted power P ∝ |S 21 | 2 in the line and the current-voltage characteristics (IVCs) of the devices as a function of the MW frequency. Figure 3 shows a sharp resonance absorption of the MW power in device 1 near the resonance frequency f r ≈ 3.16 GHz and strong suppression of the device's critical current at this frequency. Note that the critical current I C of the device is controlled by the JJ whose I C was smaller than that for the superinductor by three orders of magnitude. The observed suppression of I C was caused by an increase of the MW currents flowing through the JJ due to the resonant drop in magnitude of the superinductor's impedance at f ∼ f r . The total inductance of superinductors in these devices was calculated using the low-temperature limit of the Mattis-Bardeen theory; the input parameters were the normal-state resistance R and the critical temperature T C .
In the experiments with devices 3 and 4 (bifluxon qubits), we used standard two-tone spectroscopic measurements [24] , which provided both the self-resonance frequency of a superinductor and its total inductance extracted from the magnetic flux dependence of the qubit spectrum ( Fig. 4 , see [21, 23] for details). In these experiments, the superinductor mode appears as a resonance independent of the flux in the device loop and the charge on the CPB island. The inductance of the meanders can be extracted from the slope of the qubit resonance frequency as a function of flux using where h is Planck's constant and Φ 0 is the flux quantum.
Since the DC resistive measurements could not be performed on the qubits, the extracted inductance was used as an input parameter in the simulations. The geometry of these devices -two meanders connected together to form a loop -affected the boundary conditions. As a result, the lowest-frequency mode corresponded to two current density nodes between the meanders, in contrast to the fundamental mode of devices 1 and 2 with the current density anti-node between the meanders [25] . Table I shows that the simulations agree well with the measured values of f r . One conclusion derived from this comparison is that the Mattis-Bardeen theory is reliable for calculating the kinetic inductance of AlO x films with the sheet resistance up to 1 kΩ. The impedance of the realized meandered superinductors, Z = 2πf r × L = 10 − 30 kΩ significantly exceeded the resistance quantum R Q 6.5 kΩ.
V. CONCLUSION
We have shown that meandering of high-kineticinductance nanowires enables significant increase of the self-resonance frequency of these microwave devices intended as superinductors. We fabricated meanders with a kinetic inductance of 0.1 µH−1.3 µH, and self-resonance frequency between 12 GHz and 3 GHz, respectively. The on-chip footprint of these meanders with a total nanowire length L up to 900 µm does not exceed 400 µm 2 . The optimal in-plane shape of meanders can significantly deviate from a square due to an interplay between the stripto-strip and strip-to-ground capacitances. The impedance of the realized meandered superinductors, Z 10 − 30 kΩ, is sufficiently high for a range of applications, such as the flux-based superconducting qubits and high-kinetic inductance detectors. However, even higher impedances are required for significant enhancement of quantum phase fluctuations in the "0 − π" qubits [26, 27] , and for the devices based on Bloch oscillations [28] [29] [30] . Further increase of the impedance of meandered superinductors can be achieved by using more disordered films (i.e. increasing L ), reducing W and ∆ (i.e. decreasing overall meander dimensions for a fixed total inductance), and using substrates with a lower relative permittivity r [31] . A significant decrease of the nanowire width may be limited, in addition to lithographic resolution, by several factors that require further studies. For example, the reproducibility of kinetic inductance may be affected by percolation effects in quasione-dimensional nanowires fabricated from strongly disordered (granular) superconductors. Also, interactions between the nanowire and two-level systems in the environment can induce fluctuations of the local density of the Cooper pair condensate, and, thus, the kinetic inductance of very narrow nanowires [19, 32] .
